Diamond-like carbon (DLC) films are fabricated on the NiTi alloys at room temperature using plasma immersion ion implantation and deposition (PIIID). The effects of the substrate bias on the characteristics of the DLC films are systematically examined to correlate to the blood compatibility. The results show both the I D =I G ratio (inverse trend in the sp 3 =sp 2 ratio) and the G peak position first decrease and then increase, while the nano-hardness first increases and then decreases with the increase of the substrate bias, and the blood compatibility of the coated sample is better than that of the uncoated sample and the DLC films on the NiTi alloys deposited at the substrate bias of 25 kV possesses better blood compatibility than the films deposited at other substrate bias. It can be concluded that the blood compatibility of the DLC films on the NiTi alloys is influenced by the sp 3 =sp 2 ratio.
Introduction
Implantation of coronary artery stents after angioplasty has become a well-established procedure in interventional cardiology since 1986. 1) NiTi alloys have great potential for vascular applications and as an alternative biomaterial to stainless steel and tantalum due to shape memory effect, superelasticity and excellent mechanical properties. Despite all its potential advantages, the high Ni content ($50 at%) in the alloys is of great concern in regard to its biocompatibility. Several studies reported the release of Ni ions from the NiTi alloys during the corrosion process in the physiological environment. [2] [3] [4] [5] In vitro studies showed that the cell transformation and chromosome damage depend on dissolved Ni concentration. The substitution of divalent metals like Ca 2þ , Mg 2þ and Zn 2þ by Ni 2þ in proteins and enzymes is responsible for modification of their structure. 6 ) Therefore, it is necessary to modify the surface of NiTi alloys in vascular application to improve the blood compatibility.
Diamond-like carbon (DLC) is attractive as a coating for biomedical applications due to its high hardness, low coefficient of friction and chemical inertness. Recently, DLC has been proposed for use in blood-containing devices such as rotary blood pumps, 7, 8) mechanical heart valves [9] [10] [11] and coronary artery stents. 12) In order to improve the blood compatibility of NiTi alloys, DLC films were deposited on them by plasma immersion ion implantation and deposition (PIIID). In this paper, the blood compatibility of the DLC coated and uncoated NiTi alloys was investigated using platelets adhesion tests and kinetic clotting time. In addition, the relationships between the blood compatibility of DLC films and its structure were discussed briefly.
Experimental

Sample preparation
All samples were cut to 10 Â 10 Â 1 mm 3 from a sheet of cold rolled Ni 50:8 Ti 49:2 (at%) alloy. For all samples, 10 Â 10 mm 2 surface was successively polished down to 2000 grit specification and mirror polished with 1 mm diamond paste. The samples were successively cleaned with acetone, ethanol and deionized water and finally dried with air before coating. Fabrication of DLC film was carried out by PIIID. Prior to PIIID, the vacuum chamber was evaluated to a base pressure of 5 Â 10 À3 Pa, then Ar þ sputtering was introduced into the chamber to remove undesirable oxide and contamination layer. C 2 H 2 gas was supplied via gas lines controlled by mass flow meters and a 600 W RF was applied to the antenna inside the vacuum chamber to ignite the plasma. The experimental conditions were as follows: pulse frequency 100 Hz, pulse duration time 60 ms, substrate temperature < 100 C and deposition time 2 h. The substrate bias was varied from 10 to 35 kV (#1, #2 and #3 denotes the DLC films deposited at 10, 25 and 35 kV, respectively).
Surface studies
Raman spectroscopy measurements were carried out to investigate structure characteristics of the carbon film. Raman spectra were excited at room temperature using a spectrometer of the type Jobin Yvon T6400, France. The spectra in the range of 1100-1800 cm À1 were analyzed by curve fitting using a Gaussian distribution peak shape and a linear background. The hardness of the DLC films on the NiTi alloys was measured using a commercially available nanoindenter (Nanoindenter II, Nano Instruments), with a Berkovich (pyramidal shape) diamond tip. Six points were measured for each sample to reduce error.
Blood compatibility
The kinetic method was adopted to study the thromboresistant property of the test materials. Blood was taken from rabbit heart using a plastic syringe and 0.1 ml blood was immediately dropped onto a testing specimen. After a predetermined time, the specimen was transferred into a beaker containing 50 ml of distilled water and incubated for 5 min. The red blood cells that had not been trapped in a thrombus were hemolyzed, and the free hemoglobin was dispersed in water. The concentration of free hemoglobin in the water was measured as the absorbance at 540 nm with a spectrometer.
The quantity and activation of adherent platelets were examined as parameters for surface thrombogenicity studies. Blood was taken from rabbit. Whole blood was collected in an ACD medium. After centrifugation, red cells and platelets were separated and platelet-rich-plasma was obtained.The samples were immersed into platelet-rich-plasma and incubated at 37 C for 60 min. After rinsing, fixing and critical point drying, the specimens were coated with gold-palladium and examined using scanning electron microscopy. Twenty fields of view were chosen at random to obtain good statistics. Figure 1 shows Raman spectra of the DLC films on the NiTi alloys at different substrate bias, which is fitted by Gaussians distribution according to the inset. Compared with graphite, all the spectra show a broad peak at around 1560 cm À1 and a lower frequency shoulder at approximately 1350 cm À1 , commonly referred to as the G-band and D-band, respectively. Based on the fitting parameters, the G peak position and the ratio of the integrated areas under the D and G peaks (I D =I G ) are summarized in Fig. 2 . It has been reported that the position of G band is related to the bondangle disorder or sp 3 bonding content, while the I D =I G ratio is correlated to the ratio of sp 2 =sp 3 bonds. [13] [14] [15] These two factors play the most important role in determining the Raman spectra. The sp 3 =sp 2 ratio in the DLC films cannot be derived from the Raman spectra, but some qualitative information can be extracted. Generally, increasing of the I D =I G ratio and shifting of the G-peak toward higher wavenumber are caused by the increase of the graphite-like component in the DLC films and the sp 2 -bonded carbon clusters size. The results from Fig. 2 show that the as voltage increases from 10 to 35 kV, G band shifts from 1556.8 to 1555.6 cm À1 and then to 1557.2 cm À1 , and I D =I G shifts from 1.47 to 1.38 and then to 1.84. This indicates the sp 3 =sp 2 ratio of the DLC films on the NiTi alloys first increases and then to decreases with the increase of the substrate bias. The results are well consistent with those reported in the literature. 13, 16) As stated in the literature, a greater fraction of sp 3 bonds can be obtained when the ion energy is enough for displacement of low-energy sp 2 bonds and not enough for displacement of high-energy sp 3 bonds. However, when the ion energy is too high, the ions may damage the films surface and cause sp 3 bonds to transform into sp 2 bonds. Figure 3 shows the nano-hardness of the DLC films on the NiTi alloys as a function of substrate bias. It can be seen that the sample #2 had the highest hardness, followed the sample #1 and then the sample #3. It is well known that the hardness of DLC films on the NiTi alloys is closely related to sp 3 =sp 2 ratio, i.e. the higher nano-hardness, the higher sp 3 =sp 2 ratio. Again, this verifies the sp 3 =sp 2 ratio of the DLC films on the NiTi alloys first increases and then to decreases with the increase of the substrate bias. Figure 4 shows the kinetic clotting time curves of the DLC films on the NiTi alloys fabricated at different substrate bias. The clotting time curve of a reference sample (NiTi substrate) is also included in this figure for comparison. The clotting time measurement is to test the activated degree intrinsic coagulation factors. The higher absorbance, the better thromboresistance is. The clotting trend of the coated sample is much lower than that of the uncoated sample, which indicates that the blood compatibility of the NiTi alloys is improved by the DLC film. In particular, compared with the other samples, the sample #2 has highest absorbance at the same time. This means that sample #2 possesses best blood compatibility among the samples.
Results and Discussion
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Platelets adhesion
The number and activation of adhered platelets are usually measured to assess hemocompatibility, but the activation of adhered platelets is a more important parameter indicating the interaction of blood with materials than adhesion behavior. Figure 5 shows the number and activation degree of adherent platelets on the DLC coated and uncoated NiTi alloys. From Fig. 5 , the degree of activation and the number of the adhered platelets on the coated sample are markedly less than that on the uncoated sample. It can be also observed from the Fig. 5 that the degree of activation and the number of the adhered platelets on the sample #2 is less than that on the samples #1 and #3. This result is consistent with the results obtained from the clotting time measurement, providing evidence for the best blood compatibility of the sample #2 among the samples.
Based on our results, there are two possible reasons for improved blood compatibility of the NiTi alloys by the DLC films. One is that DLC film surface can suppress the contact activation path of the clotting process which is not affected very much by substrate bias. The other is that DLC films surface may reduce the activation of platelets adhered on the surface. The second process is strongly affected by substrate bias. From Figs. 2, 4 and 5, the relationship between the I D =I G ratios and the clotting time, the number and the activation degree of the adhered platelets for different substrate bias can be readily observed that these parameters agree well with each other. That is, the blood compatibility and the sp 3 =sp 2 ratio decrease first and then increase with increasing the substrate bias. Therefore, it can be inferred that the blood compatibility of DLC films on the NiTi alloys is influenced by the sp 3 =sp 2 ratio and the blood compatibility may become better with increasing sp 3 =sp 2 ratio. 
